Background: Liposomes constitute a promising drug delivery vehicle, and are believed to improve drugs' effectiveness. This study was aimed to compare antihypertensive and vascular modifying activities of liposomal and non-liposomal forms of ascorbic acid. Methods: Forty-nine male Sprague-Dawley rats were randomly divided into seven groups (n=7): A sham vehicle-receiving (Sham-veh), hypertensive (HTN), vehicle-receiving hypertensive (HTN-Veh), two liposomal Ascorbic acid-treated hypertensive at 50 or 100 mg/kg/day (LVC-50 and LVC-100), and two nonliposomal Ascorbic acid-treated hypertensive at 50 or 100 mg/kg/ day (VC-50 and VC-100). Systolic blood pressure (SBP) and heart rate (HR) were measured weekly; after 4 weeks, dose-responses to phenylephrine (PE) in the absence and presence of nitro-Larginine methyl ester (L-NAME), acetylcholine (Ach), and sodium nitroprusside (SNP) were obtained on aortic rings. Data were analyzed with one-way ANOVA and Duncan's multiple range test at a P value of <0.05 using Sigmastat statistical software. Results: Compared to the non-liposomal form, the liposomal one was associated with more prominent effects on the final SBP. Both forms of Ascorbic acid decreased SBP dose-dependently. The basal and stimulated release of Nitric Oxide (NO) was significantly recovered by both forms of Ascorbic acid. The PE maximal responses were not significantly different between the liposomal and non-liposomal groups (P=0.08). Although the Emax of Ach-relaxation response was not different in two preparation forms, Ach-relaxation response induced a lower concentration of the liposomal form of Ascorbic acid (P=0.03) Conclusion: The liposomal Ascorbic acid exhibited relaxation activity in significantly lower concentrations. The observed effects were partly mediated by the increased basal release of NO.
•
It is known that high doses of the standard form of vitamin C have the ability to correct blood pressure and vascular function.
What's New
• The present study was designed to examine the biological and pharmacological effects of both standard and liposomal ascorbic acid formulations at the same doses.
• Based on the results, liposomal effect was more pronounced; thus, it could be suggested that liposomal formulation could reduce the needed dose.
Introduction
Hypertension is one of the greatest world's hearth problems due to its enormous long-term end-organ damages. One of the modifiable complications of uncontrolled hypertension is functional and structural vascular abnormalities.
Vascular endothelium effectively modulates vascular tone and structure by producing a number of vasorelaxing agents such as nitric oxide (NO), prostaglandins (PG), and endothelium-derived hyperpolarizing factors. Vasorelaxing factors could effectively protect vessel walls from extra loaded-pressure and balance the effects of potent endogenous and/ or exogenous contracting factors. 1 Hypertension is associated with an imbalance between endothelial relaxing and contracting factors, leading to less production or availability of NO and, consequently, less antagonism of contracting factors. 2 We and others have shown that experimental hypertension is associated with impaired endothelial-dependent relaxation due to the acetylcholine (Ach) and enhanced vascular contraction response to the contracting agents such as phenylephrine (PE). 3, 4 Moreover, clinical and experimental hypertension is associated with increased markers of oxidative stress. [5] [6] [7] The development of hypertension has been partly attributed to the increased oxidative stress; therefore, antioxidants, such as vitamin C, have been shown to have antihypertensive effects. 8 Despite the tremendous progress in the development and availability of antihypertensive medications, hypertension still remains one of the most relevant cardiovascular risk factors. Currently, various drugs, including angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers, calcium channel blockers, diuretics, beta blockers, are used to treat hypertension. However, it has also been shown that natural antioxidant substances, such as vitamin C, 8 vitamin E, 9 and herbal flavonoids such as resveratrol and oleuropein, 10, 11 have a significant power to prevent and/or control hypertension.
Vitamin C is a micronutrient with aqueousphase antioxidant properties. The early hypothesis of antihypertensive activity of vitamin C was introduced in 1946; 12 then, it was followed by other clinical and experimental studies. 13, 14 There are some mechanistic studies that indicate a major role for vitamin C in maintaining normal blood pressure, function or reversing vascular abnormalities via the normal production and biological activity of endothelium-derived NO. 15 Liposomal drug delivery is an established technology system and due to its several advantages, it has obtained considerable clinical acceptance. These preparations have some typical pharmacodynamics and pharmacokinetic properties such as improvement in drug efficacy and therapeutic index, increased drug stability, reduced drug exposure to sensitive tissue, and a significant reduction in some deleterious adverse effects. These properties are responsible for its more clinical acceptance and applications. 16 Moreover, liposomal forms lead to higher plasma levels and circulating time compared to standard forms. 17 Considering antioxidant and antihypertensive activity of high doses of standard vitamin C, and superiority of liposomal dosage forms, the present study was designed to compare the antihypertensive as well as vascular modifying activities of liposomal and non-liposomal vitamin C in a rat model of two-kidney, one-clip renovascular hypertension.
Materials and Methods

Liposomal Vitamin C Preparation
The liposomal form of vitamin C was prepared in the Department of Pharmaceutics, School of Pharmacy, Shiraz University of Medical Science, Shiraz, Iran, using the following methods. 18 Briefly, ascorbic acid-sorbitol granules as the carrier were used to produce pro-liposomes using the film deposition method. Then, the granules were transferred into a flask, which was connected to a rotary evaporator under vacuum. The lipid phase (soy lecithin-cholesterol) was then added in drop to the flask until chloroform was evaporated completely. The obtained solid pro-liposome powder was passed through 35 meshes and left in a desiccator for complete drying. Liposomes were reconstituted in water, and the volume median diameter (VMD, 50% undersize) of the liposomes was evaluated by particle size analyzer (Shimadzu, SALD-2101, Japan). The amount of pro-liposome powder recovery was 95±1.2 (%). Reconstituted liposomes size was 46.6±0.2 micron.
Animals
Forty-nine male Sprague-Dawley rats, weighing 200-250 g, were obtained from Laboratory Animal Breeding Center, Shiraz University of Medical Sciences, Shiraz, Iran, and fed on standard rat chow with free access to drinking water. The animals were cared according to the national guidelines on the use of laboratory animals. All animal procedures of the present study were approved by the Institutional Animal Care and Use Committee, revised 2011. 19 
Experimental Design
Animals were randomly divided into seven groups (n=7 in each), including a sham-operated assigned to receive vehicle (Sham-Veh), a 2K1C hypertensive group (HTN), a hypertensive group assigned to receive liposomes not loaded with vitamin C, as vehicle (HTN-veh), two hypertensive assigned to liposomal vitamin C (Sigma-Aldrich Chemical Co. Steinheim, North Rhine-Westphalia, Germany) at 50 (LVC-50) or 100 (LVC-100) mg/kg/day, and two hypertensive allocated to receive non-liposomal vitamin C at 50 (VC-50) or 100 (VC-100) mg/kg/day. The vehicle was composed of L-α-lecithin (3-sn -phosphatidyl choline) from soybean, which was not loaded with vitamin C. The vehicle or drugs were administered by oral gavage.
Experimental Protocol Induction of 2K1C hypertension
Two-kidney, one clip (2K1C) renovascular hypertension was induced as previously described. 20 Briefly, animals were anesthetized with intraperitoneal injections of ketamine (60 mg/kg) and xylazine (8 mg/kg) (Alfasan; Woerden, Holland). Through a left flank incision, left renal arteries were exposed and dissected away from renal veins. Afterward, self-made solid plexiglass clips (internal diameter of 0.2-0.22 mm) were placed around the arteries. Antibiotic (penicillin) powder (Jaber Ebn-e Hayyan, Tehran, Iran) was applied to the incision sites, and the abdominal wall and skin were sutured using absorbable (catgut 3/0) and nonabsorbable (silk 3/0) suture materials, respectively. Sham-operated animals were subjected to a similar procedure, but no clip was placed around the renal arteries. Animals were then recovered from anesthesia and were kept for 4 weeks under standard condition (temperature, 22±2 ºC; relative humidity, 50%; light/dark cycle, 12 hours) with food (standard rat chow) and water ad libitum. Oral pretreatment with vehicle, liposomal or standard forms of vitamin C was started from the next day after the operation and the duration of administration was 28 days. Systolic blood pressure (SBP) and heart rate (HR) were measured weekly using noninvasive tail-cuff method (Chart 5.0 software; PowerLab 4/30, AD Instruments Inc., MA, Australia). Three consecutive blood pressure measurements, which had a difference of less than 5 mmHg, were considered as valid.
Isolated Aortic Studies
The thoracic aortas were dissected and cleaned of surrounding tissues; then, cut into small rings (3-4 mm each). The rings were mounted on hooks connected to force transducers in isolated tissue organ baths (K30, Hugo Sachs Electronik, Germany) filled with 20 ml of a physiological solution containing the following composition (mmol/L): NaCl 118, KCl 4.7, KH2PO4 1.2, CaCl2 2.5, MgSO4 1.2, NaHCO3 25, D-glucose 11.1, and bubbled constantly with 95% O2 and 5% CO2 at a pH of 7.4 and a temperature of 37 ºC. Tensions were recorded by a four-channel polygraph (model 705/1; Hugo Sachs Elektronik, Germany). The tissues were allowed to stabilize for 60 min, during which the buffer was changed every 20 min. Then, full concentration-contraction response curves to PE (Sigma-Aldrich Chemical Co. Steinheim, North Rhine-Westphalia, Germany) were performed. At the plateau response to PE, the tissues were washed twice 15 min apart. After a 30-min equilibration, each ring was contracted with PE using a concentration that caused 50% of the maximal contraction. At the plateau of contraction response to PE, concentrationrelaxation response to Ach or SNP (SigmaAldrich Chemical Co. Steinheim, North RhineWestphalia, Germany) was performed. For the examination of the basal release of NO, full concentration-response to PE was performed in the absence and presence of 10 -4 M L-NAME (Sigma-Aldrich Chemical Co. Steinheim, North Rhine-Westphalia, Germany). 21 Concentrationresponse curves to PE were compared using effective concentration 50 (EC 50 ) and maximal response (Emax); concentration-response curves to Ach or SNP were compared using inhibitory concentration 50 (IC 50 ) and Emax.
Statistical Analysis
Data, presented as mean±SEM, were analyzed using one-way analysis of variance (ANOVA). Where a significant difference was obtained with one-way ANOVA, the source of difference was located using Duncan's multiple range test. The data were analyzed using the Sigmaplot statistical and graphical software version 11.0. (SigmaPlot. Systat Software Inc., San Jose, USA). A P value of <0.05 was considered statistically significant.
Results
Systolic Blood Pressure and Heart Rate
The weekly systolic blood pressure (SBP) and HR of all groups are shown in tables 1 and 2, respectively. Systolic blood pressure of HTN and HTN-veh groups at weeks 1 through 4 were significantly higher than those of the Shamveh group at identical time points. Systolic blood pressures of HTN-VC50 at the second and fourth week and HTN-VC100 at weeks 2 through 4 were significantly lower than those of the HTN group. Furthermore, Systolic blood pressures of HTN-LVC50 at first and fourth weeks and HTN-LVC100 at weeks 1 through 4 were significantly lower than those of the HTN group. The SBP of HTN-LVC100 at weeks 2 through 4 were significantly lower than those of the HTN-LVC50 group. The SBP of HTN-VC100 at the first week was significantly lower than that of the HTN-VC50 group at the same time. Moreover, a comparison between liposomal and non-liposomal formulations showed that the SBP of HTN-LVC50 at the first week was significantly lower than that of the HTN-VC50 group at the identical time. Additionally, systolic blood pressures of HTN-LVC100 at weeks 2 and 4 were significantly lower than those of the HTN-VC100 group at the same time points.
As shown in table 2, the HR of HTN and HTN-veh groups at weeks 1 through 4 were significantly higher than those of the Shamveh group at identical time points. Heart rates of HTN-LVC50 at weeks 3 through 4 and HTN-LVC100 at weeks 2 through 4 were significantly lower than those of the HTN group at the same time points. Moreover, HR of HTN-VC100 at weeks 2 through 4 was significantly lower than that of the HTN group. A comparison of the HR between both liposomal and non-liposomal forms either at 50 or 100 mg/kg exhibited no significant differences during the 4 weeks.
Isolated Aortic Ring Studies
The PE concentration-response curve in the absence of L-NAME is shown in figure 1 . As it shows, the Emaxs of PE concentrationresponses of HTN (150.8±4.56; P<0.001) and HTN-veh (145.2±10.17; P=0.009) groups were significantly higher than that of Sham-veh group (100±0.00). The Emaxs of PE concentrationresponses of HTN-VC50 (123.81±7.75; P=0.008) and HTN-VC100 (116.20±8.00; P=0.03) were significantly lower than that of the HTN group. Furthermore, the Emaxs of PE concentrationresponses of HTN-LVC50 (124.5±8.00; P=0.008) and HTN-LVC100 (114.8±3.50; P=0.008) were significantly lower than that of the HTN group. There was no significant difference between the Emaxs of either liposomal or non-liposomal forms of vitamin C at each dose. In the presence of L-NAME, while the Emax of Sham-veh group increased significantly (136.66±4.57; P=0.008), the Emaxs of both HTN (73.00±6.00; P<0.001) and HTN-veh (77.50±9.70; P=0.009) groups decreased significantly ( figure  2A , B, and C). In contrast, compared to those in the absence of L-NAME, the Emaxs of HTN-CV50 (91.32±7.17; P=0.02), HTN-CV100 (97.50±8.88; P=0.008), HTN-LCV50 (94.30±9.46; P=0.009), and HTN-LCV100 (112.63±6.00; P<0.001) groups increased significantly during the four weeks of experiment ( figure 2D, E, F, and G) . There was no significant difference between the Emaxs of contraction responses to PE in the absence and presence of L-NAME in each vitamin C treated group.
In the absence of L-NAME, the EC 50s of PE contraction responses of HTN and HTN-veh groups were significantly lower compared to Sham-veh (table 3) . There was no significant difference among the EC 50s values of HTN-VC50, HTN-VC100, HTN-LVC50, and HTN-LVC100. In the presence of L-NAME, the EC 50s of HTN and HTN-veh groups increased significantly. There was no significant difference among the EC 50s of HTN-LVC50, HTN-LVC100, HTN-VC50, and HTN-VC100 in the presence of L-NAME ( There was no significant difference between EC50 of Ach relaxation responses of Shamveh, HTN, HTN-veh, HTN-VC50, HTN-LVC50, and HTN-LVC100 (table 3) . The EC50 of Ach relaxation response of HTN-VC100 was significantly higher than that of HTN (table 3) . The EC50 of Ach relaxation response of HTN-LVC100 was significantly lower than that of HTN-VC100 (table 3) .
There was no significant difference between Emaxs or EC 50s of SNP concentration-response curves of Sham-veh, HTN-veh, HTN-LVC50, HTN-VC100, HTN-LVC50, and HTN-LVC100 groups (table 3) .
Discussion
Our findings showed that the administration of both liposomal and non-liposomal forms of vitamin C led to a dose-dependent reduction in systolic blood pressure, with no significant change in HR; thus, the higher doses showed the higher blood pressure lowering effects compared to that of lower doses. As it was found, compared to non-liposomal form, the liposomal one was associated with a more prominent effect on final SBP. Treatment with Vitamin C was also associated with a significant reduction in the Emaxs of PE-induced contraction responses. The hypertension-induced hypersensitivity to PE was significantly recovered by the administration of vitamin C, either by liposomal or non-liposomal formulation. Post-L-NAME contraction response, which was markedly impaired by the chronic hypertension, was effectively improved by administration of vitamin C, dose-dependently. However, there was no significant difference between liposomal and non-liposomal forms of vitamin C regarding the later response. Although the Emax of Ach-relaxation response was not different in two preparation forms, Ach-relaxation response induced a lower concentration of the liposomal form of vitamin C (lower IC50 compared to standard form).
The present findings, which are similar to that of previous ones, 6, 22 show a timedependent increase in SBP and HR in untreated 2K1C animals during the 4 weeks of the experiment. There is a lot of evidence indicating that chronic hypertension negatively affects vascular function. In agreement with others and our previous reports, 1, 3, 11 the present study also showed that in the absence of L-NAME, the contraction response to PE increased significantly in 2K1C hypertensive aortic rings. These findings might be due to alfa-1 adrenoceptors up-regulation on hypertensive vascular smooth muscle. 23 Moreover, in this experiment, we examined both basal and stimulated release of NO on the vascular structure. In order to inspect the basal release of NO, the contraction response to PE was examined in the absence and presence of L-NAME. Enhanced contraction response to PE in the presence of L-NAME, relative to that in its absence, is an indicator of the increase in the basal release of NO and vice versa. 24 Similar to our previous reports, 3, 11 in the presence of L-NAME, contraction response to PE was impaired in hypertensive aortic rings, which indicates impaired basal release of NO in this situation. Stimulated release of NO accessed by Ach showed a blunted relaxation response in hypertensive aortic rings. The impaired response was characterized by a decrease in Emax and an increase in IC 50.
1, 3, 11 Such a finding indicates that in agreement with other studies, 3, 11 chronic hypertension could strongly impair both basal and stimulated release of NO. In spite of endothelial-dependent relaxation, and as documented in other previous studies, 3, 11 endothelial-independent relaxation response, which was tested by NO-donor agent, SNP, was not affected anyway.
According to population-based observational studies, there is an inverse correlation between vitamin C plasma concentration and blood pressure level. 25 There is some controversy regarding the antihypertensive properties of ascorbic acid in clinical studies, which might be due to different research sample sizes, target group ages, and dose and/or duration of ascorbic acid administrations. According to Hickey and colleagues, following continuous oral administration of liposomal vitamin C, the plasma level reached approximately twice the predicted maximum level with standard form of vitamin C. 17 Accordingly, they concluded that large oral doses of vitamin C could potentially be used as a non-toxic, sustainable, therapeutic agent. 17 To the best of our knowledge, the present study is the first to compare both liposomal and non-liposomal forms of high doses vitamin C regarding chronic antihypertensive and vascular response in renovascular hypertensive rats. Our findings indicate that compared to the hypertensive group, treatment with vitamin C, in both forms and doses, could effectively decrease the SBP in a dose-dependent manner. The SBP was not different between the liposomal and nonliposomal lower doses, but in higher doses, the liposomal form of vitamin C had a greater blood pressure lowering effect compared to the nonliposomal ones. According to previous reports which compared the plasma concentration level of both standard and liposomal forms of vitamin C, 17, 26 it could be suggested that the observed higher blood pressure lowering activity of liposomal vitamin C is due to the practice of keeping drug levels constant for longer duration, higher circulating time, and/or other liposomeforming characteristics. Moreover, our findings showed that high doses of vitamin C in both forms exert modest vascular beneficial effects as compared to the control ones. However, the present study did not find evidence demonstrating that the liposomal form of vitamin C could represent greater vascular modifying activity in untreated hypertensive aortic rings.
We also exhibited that the administration of both liposomal and non-liposomal forms of vitamin C, dose-dependently, enhanced NO basal release, which had previously been blunted in the presence of L-NAME. Enhanced NO basal release was characterized by an increased maximal contraction response to PE in the presence of L-NAME relative to the response in its absence. Moreover, the IC50 reduced significantly with the liposomal formulation. Therefore, it might be concluded that modified properties in liposomal form could help us achieve our desirable relaxation response with a significant lower concentration. In contrast, the endothelial-independent relaxation response to SNP was not affected by vitamin C treatment.
We previously reported that the 2K1C renovascular hypertension was associated with the increase in oxidative stress indicators such as malondialdehyde (MDA) and the decrease in the endogenous antioxidant capacity such as superoxide dismutase (SOD) activity. 3, 27 The antioxidant activity of vitamin C has been fully demonstrated by several lines of evidence. 8, 15 Therefore, the present study did not examine whether or not oxidative stress underlie the antihypertensive effects and/or vascular modifying activity of high-dose vitamin C. The findings also suggest that the use of vitamin C as a complement might lead to the reduction of blood pressure in current therapeutic protocols.
The comparison of the vascular activity of liposomal and non-liposomal forms of vitamin C, regarding EC50%, IC50%, and the maximal efficacy reported in this study, are beneficial for conducting further investigation on the formulations. However, one of the limitations of the present study was that it did not assess any relationship between dose and plasma concentration of both liposomal and non-liposomal forms of vitamin C, but doing such a measurement could provide us with important information regarding the correlation between liposome dosage form and its biological effects.
Conclusion
Our findings indicate that in spite of blood lowering activities of either liposomal or nonliposomal forms of vitamin C, the effects of the liposomal form of vitamin C on final SBP was more prominent at the end of 4 weeks of the experiment. The observed antihypertensive activity was not associated with reflex tachycardia in either form. Our vascular results exhibit that the antihypertensive activity could partly be mediated by enhancing the release of both basal and stimulated NO. Moreover, the liposomal form could help us achieve our desirable Achrelaxation response with a significant lower concentration. Further experimental investigation is needed to clarify the relationship between the plasma level and these pharmacological effects.
